One critical step in lithium-ion battery manufacturing process is the electrolyte wetting step, which usually takes up to several days at elevated temperatures, posing a distinctive bottleneck in the manufacturing process especially for large-size cells. The electrode wettability depends on both the surface tension of electrolyte and the surface free energy of electrodes. This work reports a systematic study on the characterization of surface free energy of battery electrodes and the correlation between surface free energy and electrode processing. It shows that, when switching manufacturing from conventional solvent based processing to aqueous processing, the polar component of surface free energy increases 74.1% for NMC532 electrodes and 48.2% for A12 graphite electrodes. The results provide valuable guidance for electrode processing to optimize the electrolyte wetting process, helping lower processing costs and enable higher product quality and throughput. However, a better understanding of 63 the electrolyte wetting process on the electrodes obtained via aqueous 64 processing is urgently needed.
tion of high performance electrodes. 4 The porosity and thickness of
In this study, we report a systematic study on the characteriza-66 tion of the SFE of composite electrodes for lithium-ion batteries. The 67 Owens-Wendt-Rabel-Kaelble (OWRK) model is adopted to calculate 68 the SFE of an ideal surface. Propylene carbonate, nicotinyl alcohol, 69 and dimethyl sulfoxide are used as probe liquids, and their contact 70 angles on various electrode samples are measured. For each electrode 71 surface, the advancing contact angle is used as the apparent contact an-72 gle for the SFE calculation. Roughness and porosity are characterized 73 for each electrode surface, and the results are analyzed using the Wen-74 zel model and the Cassie-Baxter model. The effect of calendering on 75 electrode SFE is investigated in detail. In addition, the SFEs of elec-76 trodes obtained via organic solvent-based and water-based processing 77 are compared. γ lv cos θ = γ sv − γ sl [1] where θ is the contact angle, i.e., the angle at which the liquid-vapor 82 interface meets the solid-liquid interface, γ sl is the solid/liquid inter-83 facial free energy, γ lv is liquid/vapor interfacial tension, i.e., surface 84 tension of the liquid, and γ sv is the SFE of the solid. We here assume 85 that the SFE of the surface is equal to the surface tension in equi-86 librium with the vapors of the probe liquid. In other words, the film 87 pressure term responsible for molecular absorption onto the surface 88 is assumed to be negligible.
89
A low contact angle usually indicates that wetting of the sur-90 face is favorable, and the fluid will spread over a large area of the 91 surface, whereas a high contact angle generally means that wetting 92 of the surface is unfavorable, so the fluid will reduce contact area 93 with the surface by producing a compact liquid droplet. For water, 94 a wettable surface is referred to as hydrophilic and a nonwettable 95 surface hydrophobic. For nonwater liquids, the two terms lyophilic 96 and lyophobic are used for low and high contact angle conditions, 97 respectively.
98
It can be seen from Eq. 1 that the electrode wettability depends 99 on both the surface tension of electrolyte and the SFE of the elec-100 trodes. SFE is a property resulted from the chemical structure and the 101 orientation of the molecules at the surface boundary of the materials. 102 molybdenum nitride coatings, 21 
Dividing Eq. 4 by γ lv D on both sides yields:
Eq. 5 can be cast in the linear form:
where
, and y = γ lv (1 + cos θ) 24 Substituting these values into Eq. 5, followed by 164 rearrangement yields:
where θ PT F E is the contact angle measured between PTFE and the 166 probe liquid. Therefore, simply by measuring θ PT F E , γ D lv can be deter-167 mined for any liquid for which the overall surface tension γ lv is known. 168 The value of γ P lv can then be determined by using γ
Non-ideal surface.-The static contact angle θ S is the contact 170 angle with which the contact area between liquid and solid is not 171 changed during the measurement, in contrast to the dynamic contact 172 angle which is produced in the course of wetting (advancing contact 173 angle) or de-wetting (receding contact angle). Dynamic contact angles 174 depend on the speed of the moving contact line. In the limiting case 175 where the advancing or receding speed approaches zero, the static 176 advancing contact angle (θ A ) and the static receding contact angle 177 (θ R ) are defined. For an ideal surface, the static contact angle, the 178 static advancing contact angle, and the static receding contact angle 179 are all equal, and can be described by the Young's equation.
180
However, real surfaces do not have perfect smoothness, rigidity, 181 or chemical homogeneity. For example, the surface of the electrode 182 samples deviates from ideality because it always has a certain degree of 183 roughness, porosity, and heterogeneity. Such deviations from ideality 184 result in contact-angle hysteresis, i.e., a non-zero difference between 185 the advancing and receding contact angles:
Contact-angle hysteresis occurs because many different thermo-187 dynamically stable contact angles can be found on a non-ideal solid. 
where again the subscript of f 1 is dropped for simplicity.
216
According to Bico et al., 30 two critical contact angles θ c1 and θ c2 217 can be defined as follows:
For rough surfaces, we generally have r > 1 and f < 1, so Eq. 14a 220 always defines a critical contact angle between 0 and π/2, whereas
221
Eq. 14b always defines a critical contact angle between π/2 and π.
222
Based on Eq. 10, Eq. 12, and Eq. 13, the relationship between cos θ * Hampton, NH, USA), and dimethyl sulfoxide (Fisher Scientific, 277 Hampton, NH, USA), was measured using a BP100 bubble pressure 278 tensiometer (Kruss, Hamburg, Germany). The immersion of the cap-279 illary is controlled by software, so the measuring procedure is entirely 280 automatic. An air flow from the capillary produces bubbles in the 281 sample, and a pressure sensor determines the maximum pressure dur-282 ing bubble formation, from which the surface tension is automatically 283 calculated by software.
284
The static contact angle between the PTFE surface and the probe 285 liquid (θ PT F E ) was measured by following the procedure described in 286 Static Contact Angle Measurement section. Once θ PT F E and γ lv were 287 known, γ 
290
Static contact angle measurement.-The static contact angle was 291 measured by using a contact angle goniometer. A small droplet, 292 approximately 1 μL to 5 μL, was gently deposited by using a 293 500 μL threaded plunger syringe (Hamilton, Reno, NV, USA), which 294 was positioned above the sample surface. Once the sessile drop 295 reached its equilibrium, a PL-A662 microscopy camera (PixeLINK, 296 Gloucester, ON, Canada) captured the image from the side view. 297 Image processing was then performed using public domain ImageJ 298 software. If the droplet spreads over a substrate when gravity is absent, then 300 the equilibrium shape is a spherical cap because this shape minimizes 301 the free energy of the system. In the presence of gravity, the departure 302 from the spherical cap shape increases with increasing Bond number, 303 a dimensionless number representing the effect of gravity relative 304 to the surface tension. 43 Since the Bond numbers for the droplets 305 used in this study are typically in the range of 0.1 to 0.8, spherical 306 cap configuration was always assumed in the drop shape analysis for 307 determining the static contact angle. Each contact angle measurement 308 was repeated at least five times to ensure excellent repeatability of the 309 result.
310
Advancing contact angle measurement.-Advancing contact an-311 gles for various electrode surfaces were measured by using volume-312 changing method, i.e., θ A was measured by monitoring the advancing 313 contact angle as the drop volume on the surface was dynamically 314 changed. Before the measurements, the electrode samples were kept 315 in a vacuum oven at 80
• C for 14 hours to remove residual moisture. 316 During the measurements, a small droplet was first formed and placed 317 on the surface. A needle connected to a 500 μL threaded plunger 318 syringe (Hamilton, Reno, NV, USA) was then brought close to the 319 surface, and by dispensing more liquid from the syringe, the vol-320 ume of the droplet was gradually increased. The whole process was 321 recorded by a PL-A662 microscopy camera (PixeLINK, Gloucester, 322 ON, Canada). Image processing was then performed using public do-323 main ImageJ software. 42 Again, each measurement was repeated at 324 least five times to ensure repeatability of the result.
325
Characterization of surface elemental composition.-To make 326 sure that calendering does not change the surface composition of 327 the electrode, X-ray photoelectron spectroscopy (XPS) analyses were 328 carried out with a PHI VersaProbe Scanning XPS System (Physical 329 Electronics, Chanhassen, MN, USA) using a focused monochroma-330 tized Al Kα radiation (hυ = 1486.6 eV) operating at 50 W. Survey 331 spectra were acquired at 117.40 eV pass energy with energy step size 332 of 1 eV, whereas region spectra were acquired at 23.5 eV pass energy 333 Table S2 in Supplementary Information. Our results are close to, 409 but different from, the data reported in the existing literature.
44, 45 The 410 slight deviation could be caused by variations in liquid quality and 411 ambient temperature, pressure, and humidity, etc. The comparison 412 shows that directly using the data reported from the existing litera-413 ture could potentially lead to inaccuracies in SFE calculation. Fig. S2 456 However, for irregularly rough surfaces such as the electrode surfaces 457 used in this study, it is difficult to reliably assess the value of r.
458
When the sample surfaces are characterized using both AFM and 459 OP, the value of r is automatically calculated by software. The mea-460 surement of roughness using SP, however, is done by scanning of 461 lines. Although the linear roughness ratio can be obtained by soft-462 ware, a method for estimating r based on linear measurements needs 463 to be developed. It is not an easy task to develop a general method 464 for this purpose, and therefore simplistic models of regular rough-465 ness are often assumed in order to obtain a correlation between r and 466 the linear measurements. The simplistic model proposed by Meiron 467 et al. 46 demonstrated that if the linear roughness ratio is similar in 468 both x and y directions, it may serve as a good approximation for 469 the surface roughness ratio r. For the electrode surfaces used in this 470 study, we verified that the linear roughness ratios obtained in different 471 directions were very close, and their average value was therefore used 472 as the surface roughness ratio r.
473
The values of the surface roughness ratio r obtained from AFM, 474 OP, and SP are listed in Table IV , respectively. Note that the SP results 475 obtained by using two styli with tip radius of 12.5 μm and 700 nm are 476 both provided in Table IV The r values obtained by AFM do not follow this trend, and there-488 fore are regarded as the least reliable. Remember that the maximum 489 area reasonably measurable by AFM is about 25 μm × 25 μm, which 490 takes 2 hours to assess. The r values obtained by AFM are thus lo-491 cal roughness ratios, highly depending on the sampling area. Local 492 morphology and compositions vary significantly depending on the 493 distribution of active materials, conductive carbon black, and pores 494 in the binder. It can be concluded that, for irregularly rough surfaces, 495 despite the high resolution, the small area allowed by AFM measure-496 ment restricts the representativeness of the roughness ratios and thus 497 hinders accurate roughness analysis. are not adopted in this study.
524
Therefore, the optical profiler is the most suitable instrument for 525 the roughness characterization of electrode surfaces due to its built-in 526 capability to detect large range of vertical variation and to accom-527 modate a large imaging area. The other advantages of the optical 528 profiler include its non-contacting nature and fast data acquisition. In 529 many previous investigations, the optical profiler has proven to be a 530 sufficiently accurate method for the roughness analysis of electrode 531 surfaces.
48,49 However, a previous study indicated that objective lens 532 with magnification of 10 or lower would not be sufficient for the 533 samples with submicron roughness, 50 because the submicron details 534 would be smoothed out. Thus, we performed OP measurement with 535 objective lens of higher magnification and AFM characterization on a 536 typical sample, and the results are very similar to the r value obtained 537 from OP measurement with objective lens with magnification of 10. 538 Therefore, the r values obtained by OP using the objective lens with 539 magnification of 10 were adopted in this study.
540
Surface solid-area fraction.-Another surface texture parameter 541 of interest in contact angle calculations is the solid-area fraction, f, 542 which is used as an input parameter in the Cassie-Baxter model, as 543 shown in Eq. 12 and Eq. 13. It has always been a very challenging task 544 to accurately estimate the value of f. In most studies, the value of f was 545 obtained by measuring the geometric dimensions of the nano-/micro-546 structures on the surface. [51] [52] [53] For irregularly rough surfaces such as 547 the electrode surfaces used in this study, direct measurement of the 548 geometric dimensions of the surface structures would be prohibitive. 549 we observed when switching manufacturing to aqueous processing is 653 attributed to the different binders as listed in Table I .
654
The improved polar component of the SFE of the water-based elec- 
666
For the purpose of comparison, we also substituted the apparent 667 contact angles, as listed in Table III with increasing degree of calendaring, which indicates lower wetta-675 bility of electrolyte on denser electrodes. It can be concluded that the 676 electrolyte wetting process becomes even more critical and challeng-677 ing when electrodes are highly compressed, e.g., bulk porosity less 678 than 20%, for higher volumetric energy density.
679

Concluding Remarks
680
In this study, we report a systematic study on the characterization of 681 the SFE of composite electrodes for lithium-ion batteries. The OWRK 682 model is adopted to calculate SFE of electrode surfaces. Propylene 683 carbonate, nicotinyl alcohol, and dimethyl sulfoxide are used as probe 684 liquids, and their contact angles on various electrode samples are 685 measured. Roughness and porosity are characterized for each elec-686 trode surface, and the results are analyzed using the Wenzel model 687 and the Cassie-Baxter model. The effect of calendering on electrode 688 SFE is investigated in detail. In addition, the SFE of electrodes ob-689 tained via solvent-based and water-based processing are compared. 690 It shows that, when switching manufacturing from conventional sol-691 vent based processing to aqueous processing, the polar component of 692 SFE increases; it increases 74.1% from NMC532-NMP to NMC532-693 Water, and 48.2% from A12-NMP to A12-Water. The change in SFE 694 we observed when switching manufacturing to aqueous processing 695 is attributed to the different binders. The results provide valuable 696 
